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Abstract: We report the synthesis, structural and magnetic characterization of the complete se-
ries of lanthanoid-based chloranilato 2D lattices with dimethylsulfoxide (dmso) formulated as:
[Ln2(C6O4Cl2)3(dmso)6] with Ln = La(1), Ce(2), Pr(3), Nd(4), Sm(5), Eu(6), Gd(7) and Tb(8) or
[Ln2(C6O4Cl2)3(dmso)4]·2dmso·2H2O with Ln = Dy(9), Ho(10), Er(11), Tm(12) and Yb(13);
C6O4Cl22− = dianion of 3,6-dichloro-2,5-dihydroxy-1,4-benzoquinone = chloranilato. Single crystal
X-ray analysis shows that the largest Ln(III) ions (La–Tb, 1–8) crystallise in the monoclinic P21/n
space group (phase I), whereas the smallest ones (Dy–Yb, 9–13) crystallise in the triclinic P-1 space
group (phase II). Both phases show a (6,3)-2D network with the typical hexagonal honeycomb lattice,
although phase I presents important distortions, resulting in rectangular cavities with a brick-wall
orientation. The largest ions (phase I) show a coordination number of nine with a capped square
antiprismatic geometry in contrast to the smallest ions (phase II) that present a coordination number
of eight with a triangular dodecahedral geometry. Magnetic measurements show that all the Ln(III)
ions are magnetically well isolated, leading to the presence of a field induced single-ion magnet
behaviour in the Er derivative, with an energy barrier of 23(2) K for DC fields of 20, 50 and 100 mT.

Keywords: chloranilato; lanthanoids; 2D lattices; honeycomb lattice; dmso; crystal structures;
6,3-networks; slow relaxation of the magnetization; field-induced single-ion magnet

1. Introduction

Metal-organic frameworks (MOFs) are, according to IUPAC [1], coordination networks
with organic ligands containing potential voids. The interest in these porous materials has
experienced an exponential increase in the last two decades that has led to the synthesis of
thousands of MOFs with large surface areas and porosity, chemically functionalized cavities
and flexible skeletons [2]. One of the key issues to design MOFs with tailored properties is
to control and modulate the shape and size of the cavities [3,4], as this control may lead to
interesting applications in fields such as catalysis [5], gas storage and separation [6], water
absorption [7], optical, magnetic and chemical sensing [8–10], electrical [11] and proton
conductivity [12], ferroelectricity [13] or magnetism [14], among others. They may even
show a combination of several properties [15].

Although most MOFs are three-dimensional (3D) lattices, there is an increasing interest
in two-dimensional (2D) MOFs, boosted by the discovery of graphene-like 2D materials.
This interest has led to the synthesis of several 2D MOFs with interesting properties and
applications [16,17].

The use of anilato-type ligands (3,6-disubstituted-2,5-dihydroxy-1,4-benzoquinone di-
anion = C6O4X2

2−, Scheme 1a) to prepare MOFs constitutes a very appealing strategy since
these ligands may present several different coordination modes, including monodentate
(1kO, Scheme 1b), bidentate (1k2O,O′, Scheme 1c), monodentate-bidentate (1kO;2k2O′,O′ ′,
Scheme 1d), bis-bidentate (1k2O,O′;2k2O′ ′,O′ ′ ′, Scheme 1e) and more complex modes
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(1k2O,O′;2k2O′ ′,O′ ′ ′;3kO′ ′, Scheme 1f) [18], giving rise to many different structural types.
In fact, anilato is topologically equivalent to oxalate (C2O4

2−), bearing the same anionic
charge and, accordingly, forms very similar structures as discrete tris(anilato)metalate
complexes [19,20] and extended one-, two- and three-dimensional lattices, although with
larger channels and cavities [18,21–25].
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From the magnetic point of view, anilato ligands mediate weak antiferromagnetic
couplings, modulated by X, when connecting transition metals [26,27], but they show a
negligible coupling when connecting lanthanoids, due to the poor overlap of Ln(4f) and
O(2d) orbitals [28–33]. This isolation has resulted in the observation of single-ion magnet
behaviour in a few examples of Ln-anilato lattices [34–37].

The different structures, topologies and properties, including magnetic, optical, elec-
trochemical, gas/solvent sorption/exchange and processing as thin films of all the known
lanthanoid-anilato complexes and lattices have been revised very recently by some of us [25].
The synthesis of lanthanoids with anilato ligands shows that there are four factors influenc-
ing the final structure and topology: (i) the X groups in the anilato ligands, (ii) the size of the
Ln(III) ion, (iii) the size and shape of the solvent molecules acting as co-ligands and (iv) the
synthetic method [25]. These factors play a key role in determining the structure of these lat-
tices because in most Ln-anilato coordination polymers, the Ln(III) ions are coordinated by
three bidentate anilato ligands and complete their octa- or nona-coordination [25,29,32,38]
with two or three solvent molecules with a high coordination capacity towards Ln(III)
ions as water, dmso, dimethylformamide (dmf), dimethylacetamide (dma) or formamide
(fma) [39,40].

Here, we analyse in detail the role of the size of the Ln(III) ion on the final structure of
the complete series prepared with chloranilato (C6O4Cl2)2− and dimethylsulfoxide (dmso)
as solvent. Thus, we have prepared single crystals and solved all the X-ray crystal structures
of the complete series obtained combining Ln(III), C6O4Cl22− and dmso. This series can be
formulated as [Ln2(C6O4Cl2)3(dmso)6] with Ln = La(1), Ce(2), Pr(3), Nd(4), Sm(5), Eu(6),
Gd(7) and Tb(8) or [Ln2(C6O4Cl2)3(dmso)4]·2dmso·2H2O with Ln = Dy(9), Ho(10), Er(11),
Tm(12) and Yb(13). As we will see below, the large ions (La–Tb, 1–8) crystallise in the
monoclinic P21/n space group (phase I), while the small ones (Dy–Yb, 9–13) crystallise
in the triclinic P-1 space group (phase II). Both phases show (6,3)-2D networks although
with important differences as a consequence of the different sizes of the Ln(III) ions. We
present here a comparative structural study of all the compounds in this series. Since the
structure of the Er(11) and Dy(9) derivatives have been recently reported by us [32,37], we
only include them here for comparative purposes.

We also present the magnetic properties of all the members of the series and show
that the Er derivative (11) displays a field-induced single-ion magnet behaviour with an
activation energy of 23(2) K. Note that the magnetic properties of the Er and Dy derivatives
have also been recently reported by us [32,37], although the field-induced single ion magnet
behaviour of the Er derivative was not reported.
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2. Materials and Methods

Chloranilic acid, the Ln(III) nitrates and dmso are all commercial and were used as
received without any further purification. All the salts were obtained as single crystals
using the same method as described for the La(III) derivative (see below). The exact
amounts and precursor salts used for each compound and the aspect of the compounds are
listed in Table S1.

Synthesis of [La2(C6O4Cl2)3(dmso)6] (1) Single crystals of compound 1 were obtained
by carefully layering, at room temperature, a solution of chloranilic acid, H2C6O4Cl2,
(4.2 mg, 0.02 mmol) in 5 mL of methanol on top of a solution of La(NO3)3.6H2O (8.8 mg,
0.02 mmol) in 5 mL of dmso. The tube was sealed and allowed to stand for five weeks to
obtain thin block-shaped violet single crystals suitable for X-ray diffraction that were freshly
picked and covered with paratone oil in order to avoid solvent loss to be characterized
by single crystal X-ray diffraction. Compounds 2–13 were prepared following the same
method but changing the Ln(III) nitrate (see Table S1, supporting information).

Magnetic measurements. Magnetic susceptibility measurements were carried out in
the temperature range of 2–300 K with an applied magnetic field of 0.1 T, on polycrystalline
samples of compounds 1–13 (freshly prepared to avoid solvent loss), with a Quantum
Design MPMS-XL-5 SQUID susceptometer. AC measurements were performed on a sample
of compound 11 (with a mass of 11.863 mg) in the temperature range of 1.9–5.0 K with
different applied dc fields (in the range 0–500 mT) with an AC field of 8 Oe oscillating in
the range of 10–10,000 Hz, using a Quantum Design PPMS-9 instrument. The susceptibility
data were corrected for the sample holder previously measured using the same conditions
and for the diamagnetic contribution of the samples as deduced by using Pascal’s constant
tables [41].

X-ray crystallography. Single crystals of compounds 1–13 were mounted on glass
fibres using a viscous hydrocarbon oil to coat the crystal and then transferred directly
to the cold nitrogen stream for data collection. X-ray data were collected at 120 K on a
Supernova diffractometer equipped with a graphite monochromated Enhance (Mo) X-ray
Source (λ = 0.71073 Å). The program CrysAlisPro, Oxford Diffraction Ltd., was used for
unit cell determinations and data reduction [42]. Empirical absorption correction was
performed using spherical harmonics, implemented in the SCALE3 ABSPACK scaling
algorithm. Compounds 1–8 crystallize in the monoclinic P21/n space group whereas
compounds 9–13 crystallize in the triclinic P-1 space group. The origin of this difference
will be discussed in the structural description section. Crystal structures were solved via
direct methods with the SIR92 program [43], and refined against all F2 values with the
SHELXL-2014 program [44], using the WinGX2014.1 graphical user interface [45]. Non-
hydrogen atoms were refined anisotropically (when no disorder was present) and hydrogen
atoms were assigned fixed isotropic displacement parameters. Hydrogen atom positions
were calculated geometrically and refined using the riding model. A summary of the
data collection and structure refinements for compounds 1–13 is given in Tables S2–S6
(see supporting information). Crystallographic data for the structures reported in this
paper have been deposited in the Cambridge Crystallographic Data Center under reference
numbers CCDC 2142143-2142153. These data can be downloaded via www.ccdc.cam.ac.
uk/deposit@ccdc.cam.ac.uk (accessed on 10 February 2022).

3. Results
3.1. Synthesis

The use of different Ln(NO3)3·nH2O with chloranilic acid and dmso with the same
synthetic conditions leads to two different structural types, depending on the size of the
lanthanoid ion. Thus, the eight largest ions (La–Tb) crystallize in the series (Phase I)
formulated as [Ln2(C6O4Cl2)3(dmso)6] with Ln = La(1), Ce(2), Pr(3), Nd(4), Sm(5), Eu(6),
Gd(7) and Tb(8), whereas the smallest ions (Dy–Yb) crystallize in a different series (Phase
II) formulated as [Ln2(C6O4Cl2)3(dmso)4]·2dmso·2H2O with Ln = Dy(9), Ho(10), Er(11),
Tm(12) and Yb(13). Since the structure of phase II has recently been reported by us in

www.ccdc.cam.ac.uk/deposit@ccdc.cam.ac.uk
www.ccdc.cam.ac.uk/deposit@ccdc.cam.ac.uk
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compounds 9 and 11, we will only describe in detail the structure of phase I and compare it
with the phase II structure.

3.2. Crystal Structure of [Ln2(C6O4Cl2)3(dmso)6] with Ln = La(1), Ce(2), Pr(3), Nd(4), Sm(5),
Eu(6), Gd(7) and Tb(8)

Compounds 1–8 are isostructural and, therefore, only the structure of compound 4
will be described in detail. A comparative study of compounds 1–8 with those of phase II
(9–13) is performed below.

Compounds 1–8 crystallize in the monoclinic P21/n space group. The asymmetric
unit (Figure 1) contains one Ln ion, one and a half chloranilato ligands and three co-
ordinated dmso molecules (with a positional disorder of the S and one methyl group
in one or two of the dmso coordinated molecules). The general formula is, therefore,
[Ln2(C6O4Cl2)3(dmso)6] with Ln = La(1), Ce(2), Pr(3), Nd(4), Sm(5), Eu(6), Gd(7) and Tb(8).
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Figure 1. (a) Asymmetric unit of compound 4 showing the labelling scheme. Only one of the two
possible positions of the S atom of one of the coordinated dmso molecules is shown for clarity. H
atoms are omitted for clarity. (b) Coordination environment of Nd atom in compound 4 (the O atoms
of the dmso molecules are depicted in blue).

The Ln(III) ion is surrounded by nine O atoms, from three chelating chloranilato
ligands (O2, O3, O12, O13, O22 and O23) and from three dmso molecules (O1D, O11D and
O21D). The continuous SHAPE analysis shows that the coordination geometry corresponds
to distorted capped square antiprism (CSAPR-9) geometry (Table S7, supporting infor-
mation) [46]. The three O atoms of the dmso molecules are located in the upper capped
square face of the capped square antiprism (with a so-called 030 disposition). Note that the
location of the O atoms of the solvent molecules (and of the three chelating anilato ligands)
is a key point to determine the final structure and the distortions of the hexagonal cavities.

The average Ln–Oanilato bond distances are longer than the Ln–Odmso ones due to the
formation of the five-membered chelate ring (see below). As expected, there is a continuous
decrease of the Ln–O bond distances along the lanthanoids series with an abrupt change
between the Tb and Dy derivatives, due to the change of coordination number, geometry
and phase (see below).

Compounds 1–8 show a layered structure, with neutral layers formulated as
[Ln2(C6O4Cl2)3(dmso)6]. The layers are very corrugated (Figure 2a) and are packed parallel
to the (101) direction in an eclipsed way, giving rise to channels perpendicular to the layers
(Figure 2b).
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Figure 2. (a) View of three consecutive corrugated layers in compound 4. (b) Perspective view of one
channel along the direction perpendicular to the layers.

The layers show a honeycomb network with very distorted hexagonal (6,3)-gon topol-
ogy where each Ln(III) ion in connected to other three Ln(III) ions through three bis-
bidentate chloranilato bridges, generating six membered, very deformed, hexagonal rings
that appear as rectangles when viewed down the a direction (Figure 3a). The Ln(III) ions
are located in the vertex and in the centre of the long side of these rectangular cavities.
The chloranilato ligands connect the Ln(III) ions and constitute the sides of the cavities.
The dmso molecules point toward the rectangular cavities, precluding the inclusion of any
crystallization solvent molecule. The rectangles are disposed with their long axis parallel,
in a so-called brick-wall disposition (Figure 3a). The rectangular cavities are formed by
four anilato whose rings are almost orthogonal to the average plane (edge-on, EO) and by
two ligands with the anilato rings parallel to the average plane (face-on, FO, Figure 3b).
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This structure is similar to the c-type structure defined by Robson [38,47], and is
topologically equivalent to the (6,3) honeycomb layers found in other Ln-containing anilato-
based compounds [25]. A clear proof of the large distortions of the hexagons and of
the rectangular shape is provided by the values of the Ln–Ln distances along their three
diagonals of the distorted hexagon (two long distances of ca. 20.5, 19.3 Å and a short one of
ca. 10.7 Å; see below).

Although all the Ln(III) ions are equivalent, the spatial orientation of their coordination
polyhedra is different, depending on the position of the Ln(III) ions in the rectangular
cavities. Thus, the four Ln(III) ions located on the vertices of the rectangles have two dmso
molecules pointing perpendicular to the plane of the rectangles, and the third one pointing
towards the internal space of the cavity (Figure 3b). In contrast, the two Ln(III) ions located
at the centre of the long sides of the rectangles present the opposite disposition (two dmso
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molecules pointing towards the internal space of the cavity and one molecule perpendicular
to the cavity plane).

3.3. Crystal Structure of [Ln2(C6O4Cl2)3(dmso)4]·2dmso·2H2O with Ln = Dy(9), Ho(10), Er(11),
Tm(12) and Yb(13)

Compounds 9–13 are isostructural and crystallize in the triclinic P-1 space group. Note
that the structure of compounds 9 and 11 has already been recently reported by us [32,37],
and, therefore, we will only briefly describe it here to compare this phase II with phase I of
compounds 1–8.

Compounds 9–13 also show a (6,3)-gon honeycomb layered structure although with
less distorted hexagons and much flatter layers. The coordination number (eight) and
geometry (triangular dodecahedron, Table S8, supporting information) also change, due to
the smaller size of the Ln(III) ions of this phase II (Dy–Yb).

3.4. Magnetic Properties of Compounds 1–13

The magnetic properties of compounds 1–13 are displayed in Figure S1 (in Supplemen-
tary Materials). In all cases, the values of the product of the molar magnetic susceptibility
times the temperature (χmT) per formula (two Ln(III) ions) is within the expected range
observed for many other isolated Ln(III) complexes and lattices (Table S9, supporting
information). When the temperature is decreased, the χmT product shows a progressive
decrease except in the Gd(III) sample. This progressive decrease is the expected one for
magnetically isolated Ln(III) ions and can be attributed to the depopulation of the excited
sublevels that appear due to the ligand field [48]. The magnetic isolation of the Ln(III)
ions is similar to that found in other compounds with Ln(III) ions connected through
bis-bidentate anilato ligands [28–33,37].

The good magnetic isolation provided by the chloranilato ligand, prompted us to
measure the AC susceptibility to search for slow relaxation of the magnetization at low
temperatures. Since the complete magnetic characterization of the Dy(III) compound (9)
has recently been published by us [37], we have only measured the Tb (8), Ho (10) and
Er (11) derivatives. These measurements show that compounds 8 and 10 do not present
any slow relaxation of the magnetization at low temperatures neither with nor without an
applied magnetic DC field. In contrast, the Er(III) derivative (11) shows a slow relaxation
of the magnetization when a DC field is applied (Field-induced single-molecule magnet
behaviour), although no χ”m signal is observed for DC fields = 0 mT, probably due to the
presence of a fast quantum tunnelling process for HDC = 0 mT. Thus, at 1.9 K, compound
11 shows a frequency-dependent out of phase signal with a maximum at around 3000 Hz
for DC fields > 0 mT. As the DC field increases, the maximum shifts to lower frequencies
and its intensity increases to reach the maximum intensity at ca. 100 mT (Figure 4a).
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Figure 4. (a) Frequency dependence of the χ”m signal at 1.9 K with different DC magnetic fields for
compound 11. Solid lines are the best fit to the Debye model. (b) Field dependence of the relaxation
times of compound 11 at 1.9 K. Solid line if the best fit to Equation (2).
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The fit of the frequency dependence to the Debye model (Equation (1), solid lines in
Figure 4a) yields relaxation times (τ) that, as expected, show an initial increase when the
DC field increases from 0 to ca. 100 mT and a decrease for higher DC values (Figure 4b).

χ′′ (ω) = χS +
(χT − χS)(ωτ)

1−α cos 1/2απ

1 + 2(ωτ)1−αsen1/2απ+ (ωτ)2(1−α)
(1)

This field dependence of the relaxation time (τ) can be fit to a general model
(Equation (2)), where H is the applied DC magnetic field, A corresponds to the quan-
tum tunnelling mechanism (QTM), B1 and B2 to the Direct mechanism, D to the two
field-independent mechanisms (Raman and Orbach) and n = 4 or 2 for Krammers and
non-Kramers ions, respectively [49]. This equation reproduces very satisfactorily the field
dependence of the relaxation times (τ), with the following parameters: A = 7.3(8)× 105 s−1 T−n,
n = 3.96(9), B1 = 1.07(6) × 104 s−1, B2 = 1.6(2) × 103 T−2 and D = 8.6(2) × 103 s−1 (solid line
in Figure 4b).

τ−1 = AHn +
B1

1 + B2H2 + D (2)

In order to determine the magnetic relaxation mechanisms with different applied DC
fields, we have performed AC measurements at different temperatures and frequencies with
applied DC fields of 20, 50 and 100 mT. These measurements show very similar frequency-
dependent χ′m (Figures S2–S4) and χ”m signals (Figures S5 and S6 and Figure 5a) with
an inflexion point in the χ′m plot and a maximum in the χ”m plot that shifts to higher
frequencies as the temperature increases. Both signals can be fitted to the Debye model
(solid lines in Figures S2–S6 and Figure 5a).

Table 1. Magnetic parameters in compound 11 for HDC = 20, 50 and 100 mT.

HDC (mT) A (K−1) τ0 (s) Ueff (K)

20 7.8(3) × 103 2(1) × 10−8 21(2)
50 5.9(1) × 103 1.1(3) × 10−8 23(1)

100 4.9(1) × 103 0.9(2) × 10−8 24(1)
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Figure 5. (a) Frequency dependence of χ′ ′m for compound 11 with HDC = 100 mT in the temperature
range 1.9–5.0 K. Solid lines are the best fit to the Debye model. (b) Arrhenius plot of the relaxation
times for compound 11 with HDC = 20, 50 and 100 mT. Solid lines are the best fit to the general model
(Equation (3)) with Direct and Orbach contributions (see text and Table 1).

The Arrhenius plots (Figure 5b) of the relaxation times (τ) obtained in compound
11 with the Debye model (Equation (1)) for the three different DC fields, show a slight
curvature, suggesting the presence of different mechanisms for the relaxation of the mag-
netization at low temperatures. If we assume that the quantum tunnelling has been
completely suppressed by the application of a magnetic DC field, we can reproduce the
thermal variation of the relaxation times using the general model, including a direct
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(D, first term), Raman (R, second term) and Orbach (O, third term) mechanisms, as shown in
Equation (3) [50].

τ−1 = AT + CTn + τ−1
0 exp

(
−Ueff

T

)
(3)

Accordingly, we have fitted the relaxation times for HDC = 20, 50 and 100 mT to the
above equation. This fit shows that the Raman term is negligible and, therefore, we have
used only the Direct and Orbach terms (solid lines in Figure 5b). This model reproduces
the Arrhenius plot very well for the three different applied DC fields, with the parameters
displayed in Table 1. As can be seen, the activation energies (in the range 21–24 K) are equal
within experimental error and are similar to those observed in other anilato-based 2D lat-
tices with slow relaxation of the magnetization as: [Dy0.04Eu1.96(C6O4Br2)3(dmso)6]·2dmso
(40.9 K) [34], [Dy2(C6O4Br2)3(H2O)6]·8H2O (9.6 K) [35], [Dy2(C6O4H2)3(dmso)2(H2O)2]
·2dmso·18H2O (17.1 K) [37], [Dy2(C6O4Br2)3(dmf)6] (11.4 and 36 K) [35], [Dy2(C6O4Cl2)3
(dmso)4]·2dmso·2H2O (31.5 K) [37], [Dy2(C6O4Br2)3(dmso)4]·2dmso·2H2O (22.8 K) [37]
and [Dy2(C6O4(CN)Cl2)3(dmso)6] (21 K) [37]. As can be seen in the previous list, compound
11 is the first Er(III) anilato-based lattice showing slow relaxation of the magnetization.

4. Discussion

It is interesting to note that compounds 1–13 have been synthesized using the same
solvent, stoichiometry, concentrations and ligand, but changing only the precursor Ln(III)
nitrate salt. Therefore, the structural differences have to be attributed to the Ln(III) ion. As
already mentioned, the complete series La–Yb crystallize in two different phases (I and II)
formulated as [Ln2(C6O4Cl2)3(dmso)6] with Ln = La(1), Ce(2), Pr(3), Nd(4), Sm(5), Eu(6),
Gd(7) and Tb(8) (Phase I) or [Ln2(C6O4Cl2)3(dmso)4]·2dmso·2H2O with Ln = Dy(9), Ho(10),
Er(11), Tm(12) and Yb(13) (Phase II). Both phases are 2D lattices with a 6,3-gon structure,
but there are important differences in: (a) the coordination number and geometry, (b) the
distortions of the rings, (c) the planarity of the layers, (d) the presence of crystallization
solvent molecules and (e) the packing mode of the layers. As we will see below, all
these differences derive from the different coordination number and geometry, a direct
consequence of the size of the Ln(III) ion.

The first clear difference is the coordination number and geometry: capped square an-
tiprism for the larger ions: La–Tb, (Figure 6b), in phase I (Table S7, supporting information)
and triangular dodecahedron for the smaller ions Dy–Yb (Figure 6c), in phase II (Table S8,
supporting information). The continuous size reduction of the Ln(III) ions along the series
can be clearly seen in the Ln–O bond distances (Tables S10 and S11). As can be seen in
Figure 6a, the average Ln–O bond distances with the anilato ligands and with the dmso
molecules linearly decrease as we move along the lanthanoid series and show an abrupt
change when passing from Tb to Dy, corresponding to the change in the coordination
number and geometry. The average Ln–O bond distances with the chloranilato ligand
(Ln–Oanilato) are longer than the average Ln–O bond distances with the dmso molecules
(Ln–Odmso). The longer Ln–Oanilato distances can be attributed to the tension of the bite
angle in the chelating chloranilato ligand that precludes a shortening of the Ln–O bond
distances. In contrast, the dmso molecules are monodentate and can get closer to the
Ln(III). From Dy(III) to Yb(III), the ions are too small to accept the nonacoordination and,
accordingly, are octacoordinated. As expected, the reduction in the coordination number
leads to an abrupt reduction of the average Ln–O bond distances when passing from Tb(III)
to Dy(III) (Figure 6a).
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of compounds 1–13. Coordination geometries in compounds (b) 1–8 and (c) 9–13. Colour code:
Ln = pink, Oanilato = red, Odmso = blue and C = grey.

Besides the coordination geometry, the change in the coordination number leads to a
change in the symmetry of the lattice, which passes from a monoclinic P21/n space group
in phase I (compounds 1–8) to a triclinic P-1 space group in phase II (compounds 9–13).
This change reflects the different spatial dispositions of the three chloranilato ligands in
both phases (Figure 6b,c). The different orientation of the anilato bridges leads to the above
indicated disposition of the anilato rings with respect to the plane of the ring in phase I
(four anilato rings of the type edge-on, EO and two face-on, FO, Figure 3b). In contrast, in
phase II, the disposition of the anilato rings in the opposite: four FO and two EO [32,37].
Although both phases present the same 6,3-gon topology, the different spatial orientations
of the chloranilato ligands lead to differences in two important structural features: (i) the
geometry of the 6-membered rings (distorted rectangles, in phase I, Figure 7a, vs. distorted
hexagons in phase II, Figure 7b) and (ii) the planarity of the layers (very corrugated layers
in phase I, Figure 7c, but almost flat layers in phase II, Figure 7d).
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Figure 7. Top view of the six-membered rings in phase I (a) and II (b) indicating the three different
diagonals and Ln–Ln–Ln angles. Side view of the layers in phase I (c) and II (d). Only the Ln(III) ions
are displayed for clarity and the pink lines represent the chloranilato bridges.

The distortions in the six-membered rings can clearly be observed in the Ln–Ln
distances along the three diagonals of the hexagons (d1, d2 and d3, Figure 7) and in the
three Ln–Ln–Ln angles inside the ring (α1, α2 and α3, Figure 7). These distances and
angles (Table S12, supporting information) change abruptly when passing from Tb to Dy
along the series (Figure 8). To quantify these distortions, we have calculated the sum
of the deviations of the three diagonals from the average value (Σ|di − dav|, Table S12,
supporting information) and the sum of the deviations from 120◦ of the three Ln–Ln–Ln
angles inside the ring (Σ|αi − 120|, Table S12, supporting information).
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Figure 8. Variation of the Ln–Ln distances along the three diagonals (a) and the three internal Ln–Ln–
Ln angles (b) in the hexagonal rings in compounds 1–13. The definitions of di and αi are shown in
Figure 7.

As can be seen in Figure 9a, both values show a slight decrease as we move forward in
the lanthanoids series, due to the decrease in the ionic radii. As expected, both values are
much higher in phase I (La–Tb) than in phase II (Dy–Yb), confirming the much important
deviations from the regular hexagon for the rings in phase I. An additional effect of the
decrease in the ionic radii along the Ln(III) series is the reduction of the SHAPE parameters
for both coordination geometries (Figure 9b).
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A final difference that can be found between both phases is the presence of two dmso
and two water molecules in the hexagonal cavities in phase II. In contrast, in phase I there
are no crystallization solvent molecules, probably due to the lack of free space inside the
rectangular cavities.

5. Conclusions

We have synthesized and structurally characterized the complete series of anilato-
based 2D lattices formulated as [Ln2(C6O4Cl2)3(dmso)6] with Ln = La (1), Ce (2), Pr (3), Nd
(4), Sm (5), Eu (6), Gd (7) and Tb (8) (phase I) or [Ln2(C6O4Cl2)3(dmso)4]·2dmso·2H2O with
Ln = Dy (9), Ho (10), Er (11), Tm (12) and Yb (13) (phase II). This study has shown that the
size of the Ln(III) ion determines the coordination number and geometry of the Ln(III) ion
and, therefore, the final structure of the compounds. Thus, the largest Ln(III) ions (La–Tb,
phase I) have a coordination number of nine and a geometry of capped square antiprism,
whereas the smallest ions (Dy–Yb, phase II) show a coordination number of eight and a
geometry of triangular dodecahedron. Although both phases are 2D lattices with 6,3-gon
topology, the different coordination numbers and geometry lead to important structural
differences in both phases: (i) The six-membered rings are distorted rectangles in phase I
and distorted hexagons in phase II. (ii) The layers in phase I are very corrugated, but are
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almost flat in phase II, (iii) There are two dmso and two water molecules in the distorted
hexagonal cavities in phase II, but no solvent molecules in the rectangular cavities in phase I.

The magnetic properties show that the Er derivative behaves as a field-induced single-
molecule magnet at low temperatures and that the magnetization relaxes following Direct
and Orbach mechanisms with an activation energy of 21–24 K for applied DC fields in the
range 20–100 mT.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12020261/s1, Figure S1. Thermal variation of the χmT prod-
uct per formula unit (two Ln(III) ions) for compounds 1–13. Figure S2. Frequency dependence
of χ′m for compound 11 with Hdc = 20 mT in the temperature range 1.9–5.0 K. Figure S3. Fre-
quency dependence of χ′m for compound 11 with Hdc = 50 mT in the temperature range 1.9–5.0 K.
Figure S4. Frequency dependence of χ′m for compound 11 with Hdc = 100 mT in the temperature
range 1.9–5.0 K. Figure S5. Frequency dependence of χ”m for compound 11 with Hdc = 20 mT in
the temperature range 1.9–5.0 K. Figure S6. Frequency dependence of χ”m for compound 11 with
Hdc = 50 mT in the temperature range 1.9–5.0 K; Table S1. Crystal size and colour, exact amounts
and precursors used for the synthesis of compounds 1–13. Table S2. Crystal data and structure
refinement parameters for compounds [Ln2(C6O4Cl2)3(dmso)6] with Ln = La(1), Ce(2) and Pr(3).
Table S3. Crystal data and structure refinement parameters for compounds [Ln2(C6O4Cl2)3(dmso)6]
with Ln = Nd(4), Sm(5) and Eu(6). Table S4. Crystal data and structure refinement parame-
ters for compounds [Ln2(C6O4Cl2)3(dmso)6] with Ln = Gd(7) and Tb(8). Table S5. Crystal data
and structure refinement parameters for compounds [Ln2(C6O4Cl2)3(dmso)4]·2dmso·2H2O with
Ln = Dy(9), Ho (10) and Er(11). Table S6. Crystal data and structure refinement parameters for com-
pounds [Ln2(C6O4Cl2)3(dmso)4]·2dmso·2H2O with Ln = Tm(12) and Yb(13). Table S7. Continuous
SHAPE measurement (CShM) values of the 13 possible coordination geometries for the Ln(III) ion
with coordination number nine in compounds 1–8. Table S8. Continuous SHAPE measurement
(CShM) values of the 13 possible coordination geometries for the Ln(III) ion with coordination number
eight in compounds 9–13. Table S9. Experimental and calculated room temperature χmT values for
compounds 1–13. Table S10. Ln–O bond distances (in Å) in compounds 1–8. Table S11. Ln–O bond
distances (in Å) in compounds 9–13. Table S12. Ln–Ln distances (Å) along the three diagonals and
Ln–Ln–Ln angles (◦) in the hexagonal rings in 1–13.
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